Taxonomic analysis of marine phytoplankton from pigment data Phytoplankton are microscopic algae that comprise the base of marine food webs. Determining their distribution, abundance and composition is a major challenge in studies of marine ecology and global carbon flux. Most are too small to be readily identifiable by light microscopy, which is also very time-consuming, limiting the number of samples that can be analysed. Photosynthetic pigments (chlorophylls and carotenoids) are commonly used quantitative biomarkers. Chlorophyll a is an index of total phytoplankton abundance since it is present in almost all photosynthetic algae, while other pigments are restricted in their taxonomic distribution and are markers for the types of algae present. However, their distribution is complex, with few unambiguous markers, and many shared. Their expression is variable, even within a particular algal class, and their content per cell varies with environmental factors such as irradiance and nutrients. Nevertheless, pigments can be analysed semi-automatically by high performance liquid chromatography (HPLC) in many hundreds of samples from a cruise, making pigment analysis the best technique for mapping phytoplankton populations and monitoring their abundance and composition. However interpretation of data is a real problem.
We have an unknown mixture of algal types, each with a wide range of potential pigment compositions, and which may vary within the data set, particularly in relation to light (=depth), and nutrients. We analyse about 50 pigments, of which about 15 seem to provide most information.
Formerly, multiple linear regression was used to interpret pigment data, but this does not allow shared pigments to be differentiated. In 1996, we developed a program called CHEMTAX (Chemical taxonomy, Mackey et al. 1996) to address this problem. This technique is now the main program used worldwide for interpreting pigment data. A number of comparisons with microscopy have shown that it generally gives good estimates of algal composition. However loss of key staff has prevented further development.
CHEMTAX uses factor analysis, where the data matrix S of pigment concentrations must be factorised into matrices F, giving the ratios of different pigments for each phytoplankton class, and C, giving the abundances of each phytoplankton class in each sample. This problem is underdetermined and there are an infinite number of possible factorisations. In order to obtain a physically meaningful factorisation of S, an estimate of F, F 0 , is made from literature values for pigment concentrations in various species (see Table 1 ). Estimates C and F for C and F are then determined such that F was as close as possible to F 0 , subject to constraints on the positivity and normalisation of C and F. The initial guess for the phytoplankton class abundance matrix C 0 is directly calculated by solving the overdetermined least squares equation:
and the residual was calculated:
A steepest descent algorithm was used to obtain a better factorisation of S. Each nonzero element f i,j of F 0 was varied in turn by a specified factor (typically 10%) and C and ε were recalculated each time. The variation causing the biggest decrease in ε was kept, giving a new ratio matrix F 1 . A Ratio Limit matrix determines how far each pigment ratio can be varied. We guide the algal composition matrix from microscopy and experience, we split the data into depth bins to accommodate light variation, and typically do 50 runs from starting matrices with randomised noise (+/-70%) to avoid being trapped in local minima.
Recently a new approach was published using Bayesian methods (van den Meersche et al., 2008) . This approach appears promising. We would like the problem to be analysed to see whether the new method is inherently preferable or whether a better approach is available.ˆˆ A A Table 1 Example of F 0 , initial pigment ratio matrix for CHEMTAX, showing algal classes and pigment: chl a ratios in each class. Some columns have been removed for clarity. 
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